Abstract -In this paper the influence of the moisture content on the flow characteristics of blast furnace dust is investigated. The flowability of granular material is essential for the design and operation of dust separators, transport equipment and storage silos. Two blast furnace dust samples from different blast furnaces were investigated. The moisture content was adapted for measurement with the shear tester by adding water to the dried blast furnace dust samples. The measurement showed a significant decrease in flowability at higher moisture content of the dust samples. The bulk density of the dust samples was lower at higher values of the moisture content. For the finer blast furnace dust the wall friction angles increased with the moisture content, while for the coarser blast furnace dust a decrease in the wall friction angles was observed for low moisture content. At higher moisture content the wall friction angle increased with the water content.
Introduction
Iron and steel are still the most important commercial metals. The annual production in Germany of steel and pig iron in 2014 was 42.9 Mio t and 27.9 Mio. t, respectively [1] . The blast furnace (BF) serves to produce pig iron from iron ore. The shaft of the BF is filled continuously from the top with layers of iron-bearing materials (iron ore, sinter, pellets, etc.) and coke. In order to reduce the iron oxides by carbon monoxide, heated air is fed into the BF in a counter-current flow. The reaction of oxygen with the coke to carbon monoxide also supplies the required heat for the process. The reduction gas leaves the BF as top gas. This dust containing gas can be used as a fuel after removal of the dust because of its heating value. The separation of the dust is performed in two stages. First, the coarse dust is collected in a dry dust separator (a dust catcher or a cyclone). In a second separation step the remaining fine dust is collected, usually by a venturi scrubber or an annular gap scrubber. In some BFs an electrostatic precipitator or a fabric filter is installed as a second de-dusting stage.
The dust collected in the first-stage dust separator consists mainly of iron oxides (15%-40% Fe) and coke particles (25%-40% C) which are fine enough to be carried by the discharged gas [2] . Minor constituents are calcium oxide, aluminium oxide and silica [2] [3] [4] . The mass median diameter of dust catcher dust is typically in the range of 100 -200 µm. Therefore, the BF dust is usually recycled to the sinter plant [5, 6] to recover the valuable components. The average amount of dust separated in the first-stage dust catcher of European BFs is 18 kg dust per ton of hot metal produced [2] . The dust has to be discharged from the dust separator, transported and stored. For smooth operation of these processes the flow properties of the material are crucial. The flowability of fine granular material depends on several properties: grain size, grain size distribution and grain shape [7, 8] . The moisture content of the material also has a significant influence on the flow properties. Increasing moisture content leads to reduced flowability because of the increasing influence of the liquid bridges between the particles and the resulting capillary forces [9, 10] . At high moisture content, when the pores between the particles are filled with water, the particles form a suspension in water and the cohesive forces decrease [9, 11, 12] . However, this effect cannot be observed with all materials [13] . The flow properties of dust catcher dust have been investigated in a recent study [14] . The flowability of the dry dust catcher dusts has been reported to be very good.
In this study the influence of the moisture content on the flowability of BF dust was investigated. Measurements with BF dusts from two different blast furnaces were performed. The flowability at increased water content is important because the dust is often wetted to avoid dust generation during handling and storage of the material.
Material and Methods
BF dust samples from two different plants were collected. The material was dried in a compartment drier for twentyfour hours. For production of dust samples with various water contents an Erweka AR 403/SW 1/S plough-share drum mixer was used. In the mixer the dried BF dust was mixed with the appropriate amount of water. The speed of the mixer was 300 rpm and the mixing time was 5 minutes. The moisture content of the samples was determined gravimetrically with a Sartorius infrared moisture analyser MA35M at 105°C. For measurement of the particle size distribution of the iron ore concentrate a laser diffraction instrument with dry sample dispersion from Sympatec, type HELOS/RODOS, was used.
The yield locus was determined using a Schulze ring shear tester, type RST-XS, with a 30 cm³ shear cell. The bulk density of the material in dependence of the consolidation stress was also determined. The wall yield locus was determined using a Schulze ring shear tester, type RST-XS, with a wall friction shear cell, where the bottom ring of this cell is formed by a sample of structural steel S235JR (1.0038).
A quantitative characterization of the flowability of a dust can be given by ffc which is the ratio of the consolidation stress 1 to the unconfined yield strength c [15] . The larger the ffc, the better a granular material flows. The consolidation stress is equal to the major principal stress of the Mohr stress circle which is tangential to the yield locus and runs through the point of steady-state flow. The unconfined yield strength results from the stress circle which is tangential to the yield locus and runs through the origin [16] . The usual classification used to define flow behaviour consists of five categories: not flowing: ffc < 1; very cohesive: 1 < ffc < 2; cohesive: 2 < ffc < 4; easy-flowing: 4 < ffc < 10 and free-flowing: 10 < ffc [15] . The flowability of a granular material often depends on the consolidation stress. For many powders better flowability will be achieved at a higher consolidation stress. This can be visualized best in a diagram showing the unconfined yield strength dependent upon the consolidation stress when the diagram also includes lines of constant ffc ratio [15] . Logarithmically scaled axes improve the representation of the results in the diagram [17] .
Results and Discussion
The particle size distributions of the two BF dusts investigated are given in Figure 1 . The mass median diameters of dust BF1 and dust BF2 were 99 µm and 204 µm, respectively. Thus, the two dusts covered the reported typical size range for BF dusts [14] . Figure 2 shows the bulk density of the BF dusts for two values of the normal stress as a function of the moisture content. Generally, the bulk density of BF dust BF2 is lower. The reason for the lower density is the lower iron content and the higher carbon content of this dust. As one would expected, the bulk density is higher at higher values of the normal stress. With increasing moisture content the value of the bulk density decreases. MMME 129-3 Both BF dusts are easy-flowing at low values of the consolidation stress. For both dusts the flowability improves to free-flowing at higher values of the consolidation stress. This is depicted on the right in Figure 3 for BF dust BF1 and for BF dust BF2 on the left in Figure 3 . Increasing moisture content reduces the flowability of the BF dust. At a moisture content of approximately 7% the flowability is very cohesive for low values of the consolidation stress. At higher values of the consolidation stress the flowability improves to cohesive. Figure 4 shows the flowability in dependence of the moisture content. Generally, the flowability of BF dust BF2 is slightly better. This can be attributed to the coarser particle size. The clear trend of decreasing flowability with the moisture content ends at about 8% moisture content. For the samples with a higher moisture content the flowability was nearly constant. MMME 129-4 The wall friction angles also decreased with increasing stress ( Figure 5 ). When the axis for the wall normal stress is in a logarithmic scale the decrease of the wall friction angle nearly follows a straight line. For BF dust BF1 the wall friction angles increased with increasing moisture content while for the coarser BF dust BF2 the wall friction angle first decreased with increasing moisture content. The lowest wall friction angles for this dust were measured at a moisture content of 4.9%. At higher values of the moisture content the wall friction angles increased again. 
Conclusion
Generally, the flowability increases with higher values of the stress. The value of the wall friction angle decreases with higher values of the stress.
In the range of 0% to 8% moisture content the flowability of BF dust decreases with increasing moisture content while between 8% and 10% moisture content the flowability was more or less constant. The bulk density also decreases with increasing moisture content.
In the range of 0% to 10% moisture content the wall friction angle of the finer BF dust increases. For the coarser BF dust the dependence of the wall friction angle is different: at low moisture content the wall friction angle decreases with increasing moisture content while at a moisture content of approximately > 5% the wall friction angle increases again.
